Objective To examine the developmental trajectory of obesity in adolescence in relation to sex, ethnicity, and socioeconomic status. Design Five year longitudinal cohort study of a socioeconomically and ethnically diverse sample of school students aged 11-12 years at baseline. Setting 36 London schools recruited to the study in 1999 by a stratified random sampling procedure. Participants 5863 students participated in one or more years. Main outcome measures Weight, height, and waist circumference measured annually by trained researchers; overweight and obesity defined according to International Obesity Task Force criteria; adiposity and central adiposity indexed by body mass index (BMI) and waist standard deviation scores relative to 1990 British reference values. Results In school year 7 (age 11-12), the prevalence of overweight and obesity combined was almost 25%, with higher rates in girls (29%) and students from lower socioeconomic backgrounds (31%) and the highest rates in black girls (38%). Prevalence of obesity increased over the five years of the study at the expense of overweight, but no reduction occurred in the proportion of students with BMIs in the healthy range. Waist circumferences were high compared with 1990 norms at age 11 (by 0.79 SD in boys and by 1.15 SD in girls) and increased further over time. Both BMI and waist circumference tracked strongly over the five years. Conclusions Prevalence of overweight and obesity was high in London school students, with significant socioeconomic and ethnic inequalities. Little evidence was found of new cases of overweight or obesity emerging over adolescence, but few obese or overweight adolescents reduced to a healthy weight. The results indicate that persistent obesity is established before age 11 and highlight the need to target efforts to prevent obesity in the early years.
Introduction
The prevalence of obesity in children and adolescents has almost tripled in Britain in the past 20 years, as it has in the United States. [1] [2] [3] Adolescence has been identified as a critical period for the development of persistent overweight and obesity on the basis of the strong evidence for tracking of adolescent adiposity into adulthood. [4] [5] [6] Adolescent obesity is associated with all the long term risks of adult obesity and may carry additional risks for metabolic disorders and poor body image associated with the earlier onset. 7 8 Dietz has highlighted the need for research into the factors that contribute to the development and persistence of overweight during adolescence in order to inform effective prevention. 4 Ethnicity and socioeconomic status are consistently associated with risk of obesity, [9] [10] [11] [12] but few studies have systematically compared ethnic groups and socioeconomic status groups in relation to the development of adiposity in adolescence.
The health and behaviour in teenagers study (HABITS) is a five year longitudinal study, established in 1999, designed to investigate the development of cancer related risk factors, including smoking and obesity. This paper examines the developmental trajectory of weight and abdominal adiposity from age 11 to age 16 in relation to socioeconomic status, ethnicity, and sex.
Methods
We randomly selected 36 secondary schools in 13 boroughs in south London from all schools in the boroughs stratified by area and school type (inner London state v outer London state v independent; single sex v mixed) to generate an ethnically and socioeconomically diverse sample. The study design is described in detail elsewhere. 13 Data collection started in 1999 with students in year 7 (age [11] [12] and continued annually to year 11 (age [15] [16] . All students registered in the relevant school year at the time of data collection were eligible to take part. We sent consent letters to parents, informing them of the study and giving them the option to exclude their child from participation. Students themselves were given individual written consent forms and informed of their right to withdraw from the study.
Trained researchers collected data, after visiting the schools and explaining the purpose of the study to the students. Students completed questionnaires covering demographic characteristics and a range of health behaviours, with assistance available from the researchers. We measured weights to the nearest 0.1 kg and heights to the nearest 0.1 cm by using TANITA scales and a Leicester freestanding stadiometer, with participants wearing light clothing without shoes. Waist measurements were taken under clothes, to the nearest 0.5 cm as described by McCarthy. 14 Adult body mass index (BMI) criteria for overweight and obesity underestimate the extent of adverse adiposity in adolescents, so we established weight status by using the International Obesity 15 We calculated waist and BMI standard deviation (SD) scores by using the Excel growth macro for the British 1990 growth reference curves, which have a mean of 0 and a standard deviation of 1 at each age. 14 16 We collected ethnicity data by self report (white; black or mixed black; Asian or mixed Asian; other). The "other" ethnic group was heterogeneous and too small to subdivide (n = 271), so we excluded it from our analyses. Students reported their postcodes, which we matched to enumeration districts to derive an area based measure of socioeconomic deprivation-the Townsend index. 17 This index is standardised across England and Wales, with zero representing the national average, negative values representing below average deprivation, and positive values representing above average deprivation.
We assessed pubertal status with items from the pubertal development scale. 18 Further details are given in Simon et al.
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Statistical analysis
We examined the prevalence of overweight and obesity in the whole sample and by sex, socioeconomic status, and the three main ethnic subgroups. For these analyses, we weighted data according to the inverse sampling probability on the basis of school type. This gives results adjusted to the level expected if all schools in the London area had been randomly sampled. We used 2 tests to assess differences in weighted rates between sexes, ethnic groups, and fifths of socioeconomic status.
We investigated variation between individual students in the rate of change of adiposity for absolute BMI and waist circumference, and for BMI and waist SD scores, by using a multilevel, linear mixed model analysis from MLwiN with student, school year, and school, at levels 1, 2, and 3. The inclusion of school as a top level random factor took account of within school clustering. The mixed models analysis fits a linear trend line for each student and does not need data from every visit, thereby maximising the use of available data. We examined the need for a non-linear component to the trend of adiposity, but it made a non-significant difference in the models for BMI and waist. A quadratic term improved the overall fit of the models for BMI SD and waist SD but none the less made only small differences to the coefficients of other explanatory variables. We therefore report the linear trend for all four models. We did not include pubertal status in the final models because evidence exists that puberty both is influenced by and influences adiposity, 20 21 and its inclusion might therefore represent "over-control." However, repeating the analyses with control for pubertal status did not change the pattern of results.
Results
In the first year, we recruited 4320 students, representing 84% of eligible students. Additional students (n = 1543) joined in later years, either because they had been absent from school on the day of data collection in earlier years or because they were new to the schools. Over the first four years, response rates among eligible students were consistently above 80%. At each time point, between 1.5% and 5.5% of parents or students declined participation and between 10% and 15% of students were absent. In the final year, the participation rate dropped to 74% because two schools were unable to complete the data collection and more students were absent from classes through examination leave and out of school placements. Across all five years a total of 5863 students participated in the study: 36% completed five years of data collection, 58% completed four years or more, 73% completed three years or more, and 88% completed at least two years.
We had weight, height, and waist measures for more than 97% of the students each year. The sample for the longitudinal analysis, after exclusion of students with missing data for ethnicity or socioeconomic status or in "other" ethnic groups, was 5320. Participants contributed an average of 3.7 out of 5 possible observations. Small-and mostly non-significant-trends existed towards larger waist and BMI measurements for students who were assessed on fewer of the annual occasions. Table 1 shows results from year 7 (age 11-12). Black girls were significantly taller and heavier, and had a higher BMI, than white or Asian girls. Black boys were heaviest and tallest, and Asian boys were shortest. Waist circumferences were highest in black girls and boys (all P < 0.001).
Prevalence of overweight and obesity
The prevalence of overweight or obesity was high (table 2) ; between 16.9% and 19.3% of students were classified as overweight and an additional 5.5-6.9% as obese. More girls than boys were classified as overweight or obese in all years (all P < 0.001). Rates of obesity increased over the five years in boys (P < 0.001) and girls (P = 0.009), but a corresponding decrease occurred in the rates of overweight. Overall, we found no change in the rates of overweight and obese combined, and therefore no reduction in the proportion classed as "healthy weight." Table 3 illustrates transitions in weight status by showing weight status at year 11 in relation to weight status at year 7. The number of students who moved from overweight/obese to normal weight (7.6%) was very similar to the number who moved from normal weight to overweight/obese (7.0%). Figure 1 shows time trends in prevalence of overweight and obesity by ethnicity, adjusted for socioeconomic status. In all five years of the study, black girls were significantly more likely to be overweight or obese than were white or Asian girls. White girls were slightly more likely to be obese or overweight than were Asian girls, with significant differences in three of the five years. The percentages of girls who were overweight or obese, averaged over the five years, after adjustment for socioeconomic status, were 28.0 for white, 38.2 for black, and 19.8 for Asian girls. Asian boys had the highest rates for boys in all years, but ethnic differences were not significant on any occasion. Figure 2 shows differences in rates of overweight and obesity by socioeconomic status, adjusted for ethnicity. Girls in the most deprived fifth had consistently higher rates of overweight or obesity (all P < 0.001). Averaged over the five years and after adjustment for ethnicity, 35.2% of the most deprived girls were overweight or obese compared with 27.8% of other girls. However, the trend across the other deprivation categories was inconsistent, with high levels of overweight and obesity in the least deprived girls in years 7 and 11. In boys, the most deprived also had the highest rates of overweight or obesity, but results were not significant. Table 4 shows the absolute values of BMI and waist circumference by sex and ethnicity for each school year. We used mixed model analyses to estimate the independent effects of sex, ethnicity, and socioeconomic deprivation on the trends in BMI and waist circumference across the five time points, controlling for clustering by school (see table on bmj.com). BMI increased on average by 0.726 (SE 0.015) units per year from year 7 to year 11. Girls' mean BMI was higher than boys' by 1.042 (SE 0.112) units, but the rates of increase did not differ between boys and girls. We found a significant effect of socioeconomic status on BMI but no interactions between socioeconomic status and either sex or school year. Black students had BMI values 0.554 (SE 0.135) higher than white students. We found a significant sex by ethnic group interaction (P < 0.001); black girls had an excess of 0.928 (SE 0.272) BMI units.
Adiposity trends over time-longitudinal change in adiposity
We did the same analyses for BMI standard deviation scores to examine the trajectory of relative adiposity compared with 1990. Boys and girls were initially 0.526 (SE 0.019) standard BMI standard deviation scores were 0.148 (SE 0.042) higher than those of white students, and Asian students' scores were 0.151 (SE 0.051) lower. BMI standard deviation scores were higher in the more socioeconomically deprived groups (P = 0.007), but interactions between socioeconomic status and school year were not statistically significant.
Trends in abdominal adiposity
Waist circumferences increased on average by 2.31 (SE 0.09) cm/year from year 7 to year 11; the increase in boys was 0.992 (SE 0.082) cm greater than that in girls. Waist circumferences were significantly higher in lower socioeconomic status groups (P < 0.007), but we found no significant interactions by sex or school year. We found a significant sex by ethnic group interaction (P < 0.001); black girls had waist circumferences 2.138 (SE 0.638) cm larger than white girls, and Asians had the smallest waists (P < 0.001), but little difference existed between ethnic groups among boys. However, the mean annual rate of increase was 0.266 cm (SE 0.077) lower in black students than in white students.
Students entered the study with waist standard deviation values markedly higher than the 1990 reference level-boys by 0.798 (SE 0.019); girls by 1.15 (SE 0.03). Over the next four years, girls deviated even further from these levels to reach 1.44 (SE 0.030) standard deviation units above their 1990 norms by age 15-16, whereas boys reached 0.926 (SE 0.022). The school year by sex interaction was statistically significant (P < 0.001). Black students' waist standard deviation scores were higher than those of white students by 0.110 (SE 0.037) units, but the annual rate of increase was 0.034 (SE 0.009) less than that of white students. This ethnicity by school year interaction was statistically significant (P < 0.001). We found a trend towards higher waist standard deviation scores with increased deprivation (P = 0.016). Tracking of adiposity Correlations between BMI scores at different time points give an indication of "tracking." The size of the correlations was similar in girls and boys, so table 5 shows correlations for BMI scores across the five assessment points for both sexes combined. Year to year correlations were extremely high, running at 0.94 for a one year interval between measurements, and reducing to 0.90, 0.86, and 0.82 for two, three, and four year intervals. The pattern for tracking of waist circumference was similar, with correlations going from 0.86 for a one year measurement interval to 0.70 for a four year interval (table 6) .
Overweight or obese (%)
Discussion
Development of adiposity
Adolescence is often highlighted as a critical period for the development of persistent obesity. 4 Both socioeconomic status and ethnicity are implicated as risk factors in the emergence of adolescent obesity, 10 although few longitudinal studies have been done. Our cohort showed the high rates of overweight and obesity at entry that we have come to expect in recent years. Rates were higher for students living in lower socioeconomic status neighbourhoods and for girls from black ethnic groups. Over this four year period, obesity rates went up by one to two percentage points, but rates of overweight declined by the same amount, so the proportion of students with body sizes in the healthy weight range was unchanged. This pattern is more consistent with increasing adiposity in a vulnerable subgroup than with an overall effect on adiposity; an effect that has also been noted in France, Belgium, and the United States. 10 22 23 Adiposity tracked strongly over time-BMI correlations from year to year were greater than 0.9 at one and two year intervals and above 0.8 for three and four year intervals. This indicates that the children who are fatter than average at age 11 are likely still to be fatter at age 15. Transitions from overweight or obese to normal weight showed that if excess adiposity is present early in adolescence (taken here as age 11), it is highly likely to persist. In our sample, very few students who were obese in year 7 later changed to normal weight status. Obesity in early adolescence is a clear indication of persistent obesity.
The finding that the proportion of adolescents in the healthy weight range did not decrease over time suggests that the major development of early adiposity is fully established by age 11. Thus the high risk period for onset of persistent obesity may be in the pre-adolescent years, which has important implications for targeting preventive efforts.
Time trends in adiposity
On the basis of BMI standard deviation scores, which index BMI relative to 1990 age and sex norms, a small but significant increase in relative adiposity seemed to occur over time as the cohort matured. These results suggest that the modern "obesogenic" environment in Britain is steadily increasing body fat stores in adolescents.
The levels of adiposity identified here can be compared with national statistics by using data from the health survey for England for 1997 and 2002, both of which were enriched for children and young people. Health survey data are predominantly from white respondents, so are best compared with data from our white students. Mean BMI for 12 year olds in the 1997 survey was 18.5 for boys and 19.2 for girls. By 2002, mean BMI for 12 year olds had increased to 19.4 for boys and 20.0 for girls, an increase of around 0.8 BMI points. 24 Our data for white students in 1999 were around 0.35 BMI points higher than the 1997 values, consistent with the national population trends.
National data show dramatic increases in adolescents' waist sizes since 1990, 25 and our results suggest that waists have become even larger, especially among girls from black ethnic groups. The high level of tracking for waist circumference indicates that risks for metabolic syndrome are developing very early in life.
Socioeconomic differences in adiposity
We found strong evidence for ethnic differences-black girls had almost double the prevalence of overweight and obesity of white girls, an effect that persisted over all five years of the study. The ethnic difference was restricted to girls, a phenomenon that has been noted in other studies, and persists into adult life, but is poorly understood. Mechanisms could include the earlier development of adiposity in black girls, 20 which is supported by the flatter slope for the trends in waist measurements in black students.
Differences with socioeconomic status were less clear cut. Using residential area as a marker of socioeconomic status, students in the lowest fifth had higher rates of overweight and obesity, and this pattern was maintained over the five years of assessment and seen in both sexes. No further divergence occurred, indicating that differences with socioeconomic status are established before age 11. However, differences were not systematically graded across levels of socioeconomic status, and rates of overweight and obesity were also high in the least deprived girls in years 7 and 11. Results from other samples of adolescents have been mixed; some studies have found no differences, 9 whereas others have found differences but not always graded across levels of socioeconomic status. 11 12 More work is needed to understand when in the developmental process differences in adiposity by socioeconomic status emerge.
Limitations
Several factors limit generalisation of these results. The sample is restricted to an urban British setting. However, it has the advantage of a large sample size and strong representation from ethnic minorities. As with most longitudinal studies, retention of participants is a problem, and a degree of participation bias occurred, whereby students seen on fewer occasions had slightly larger waists and BMIs. This means that the prevalence of obesity and overweight may be very slightly underestimated. The broad classification of ethnicity means that conclusions cannot be drawn about variation within ethnic subgroups. The higher rates of adiposity in the group that we termed "black and mixed black" could be specific to one ethnic subgroup, but larger samples would be needed to identify differences. 
Conclusions
The results of this study give cause for concern. Levels of obesity are high and rising, and the socioeconomic and ethnic differences seen suggest that obesity will contribute to increasing health inequalities as this cohort matures. Central adiposity seems to be increasing particularly rapidly. The strong tracking of both BMI and waist circumference from age 11, and the rarity of transitions from obese to normal weight, indicates that any notion of "puppy fat" that disappears on maturation must be abandoned; children who are obese when they enter secondary school will very likely leave it obese. The results highlight the need to examine the trajectory of adiposity earlier in childhood, because the high risk period may be getting earlier. Surveillance of the anthropometric status of young people in Britain is of critical importance for monitoring the progression of the obesity problem and evaluating the success of public health interventions.
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